Gliosarcoma (GS) is a rare variant (2%) of glioblastoma (GBM) that poses clinical genomic challenges because of its poor prognosis and limited genomic information. To gain a comprehensive view of the genomic alterations in GS and to understand the molecular etiology of GS, we applied whole-exome sequencing analyses for 28 GS cases (6 blood-matched fresh-frozen tissues for the discovery set, 22 formalin-fixed paraffin-embedded tissues for the validation set) and copy-number variation microarrays for 5 blood-matched fresh-frozen tissues. TP53 mutations were more prevalent in the GS cases (20/28, 70%) compared to the GBM cases (29/90, 32%), and the GS patients with TP53 mutations showed a significantly shorter survival (multivariate Cox analysis, hazard ratio = 23.9, 95% confidence interval, 2.87-199.63, P = 0.003). A pathway analysis showed recurrent alterations in MAPK signaling (EGFR, RASGRF2 and TP53), phosphatidylinositol/calcium signaling (CACNA1s, PLCs and ITPRs) and focal adhesion/tight junction (PTEN and PAK3) pathways. Genomic profiling of the matched recurrent GS cases detected the occurrence of TP53 mutations in two recurrent GS cases, which suggests that TP53 mutations play a role in treatment resistance. Functionally, we found that TP53 mutations are associated with the epithelial-mesenchymal transition (EMT) process of sarcomatous components of GS. We provide the first comprehensive genome-wide genetic alternation profiling of GS, which suggests novel prognostic subgroups in GS patients based on their TP53 mutation status and provides new insight in the pathogenesis and targeted treatment of GS.
INTRODUCTION
Gliosarcoma (GS) is a rare type of brain tumor (annual incidence of 1 per 1 000 000), consisting of both malignant glial and by a specific histology, a worse prognosis and more frequent metastases to extracranial lesions compared to GBM, 1, 3 which suggests that a different treatment approach for GS is needed.
The pathogenesis of GS is still largely unexplained. Early studies have suggested that the sarcomatous components originate from the mesenchymal components within the brain, such as endothelial cells. 1, 2 However, subsequent studies have failed to detect endothelial markers in the sarcomatous cells of GS. [5] [6] [7] An alternative hypothesis is a monoclonal origin for both the glial and sarcomatous cells. The sarcomatous cells are considered to arise through the mesenchymal differentiation of the malignant glial cells, 1 which is also supported by similar genetic alterations in both the glial and mesenchymal components. 4, 8, 9 Previous studies have reported genetic alterations of the target genes for a limited number of GS samples. PTEN mutations (15-45%), 4,9-11 TP53 mutations (24-73%) 4, 9, 11 and TERT promoter mutations (83%) 10 were common, and IDH1 mutations were rare or absent (0-7%). 10, 11 At the chromosome level, the copy-number alterations (CNAs) that were commonly detected included amplifications of chromosome 7 (75%) and X (20%) as well as deletions of chromosome 10q (88%) and 9p (35%). 4, 10 Amplifications of EGFR and homozygous deletions of CDKN2A were reported in 0-8% 4,9 and 37-60% 9,10 of the GS cases, respectively. However, a genome-wide characterization of the genetic alterations of GS is limited.
To provide a comprehensive view of the genomic alterations in GS, we generated an integrated genomic data set from whole-exome sequencing (WES) and a CNA analysis. Recurrent TP53 mutations were detected in 71% of the GS patients, and these patients showed a significantly shorter survival. In addition, the TP53 mutations were associated with the epithelial-mesenchymal transition process, suggesting that TP53 mutations have a role in GS development, treatment resistance and poor prognosis.
MATERIALS AND METHODS

Patient samples and genomic DNA extraction
Four normal blood/GS paired samples and two normal blood/GS/ GBM trios were obtained for the discovery set. Twenty-three formalinfixed paraffin-embedded GS samples, including two samples from one patient, were obtained for the validation set. The patients were diagnosed with GS through a standardized review by two independent expert pathologists at the Seoul National University Hospital and the Samsung Medical Center. Total DNA was extracted from the sections using a QIAamp DNA Mini kit (Qiagen, Hilden, Germany). All samples were obtained with informed consent at the Seoul National University Hospital and the Samsung Medical Center, and the study was approved by the institutional review board in accordance with the Declaration of Helsinki.
Exome capture, library construction and sequencing
For all samples, 1 μg of DNA per sample was sheared using a Covaris SS Ultrasonicator (Covaris, Woburn, MA, USA). Exome capture was performed using an Agilent SureSelect Human All Exon Kit V5 (Agilent Technologies, Palo Alto, CA, USA). Each sample was sequenced on an Illumina HiSeq 2000 instrument using a read length of 2 × 101 bp. Image analysis and base calling were performed using the Illumina pipeline (Illumina, San Diego, CA, USA) with the default settings.
Exome sequencing processing and variant calling
All FASTQ files were aligned to the human reference genome GRCh37/ hg19 by Burrows-Wheeler Aligner mem. 12 Marking of the duplicate reads was performed by Picard tools. Indel realignment and base recalibration were performed using the Genome Analysis Tool kit. 13 After processing the BAM files, MuTect was used to detect the somatic single nucleotide variants (SNVs), except for the TTN and MUC16 genes. 14 ANNOVAR was used to add the annotations. 15 To select functional variants, variants within the coding regions were retained and filtered by a minor allele frequency if o0.01 or not reported, based on the ExAC 65,000 exomes allele frequency data, the 1000 Genome Project for all population frequencies and the NHLBI Exome sequencing project 6500. Nonflagged SNPs, based on dbSNP138, were filtered out to sort out passenger calls, and possible false-positive calls in the segmental duplicate region were also removed. ADTEx and PatternCNV were used to detect somatic copy-number variations (CNVs) for the six blood/GS paired samples. 16, 17 
CNV microarray
The CNV microarray test was performed using the Affymetrix CytoScan HD array system according to the protocol provided by the manufacturer. The Affymetrix CytoScan HD array contains~2.7 million probes throughout the human genome and includes 1 953 246 copynumber probes and 743 304 SNP probes. The current build used was the human genome reference build NCBI 37.3 (hg19). The build covers 436 000 RefSeq genes with 1 marker per 880 bases, complete International Standards for Cytogenomic Arrays (ISCA) constitutional coverage (1 marker per 384 bases), cancer gene coverage (1 marker per 553 bases), X chromosome genes (1 marker per 486 bases) and 12 000 OMIM genes (1 marker per 659 bases). Genomic imbalances were called using ChAS software (Affymetrix, Santa Clara, CA, USA) when a minimum of 25 consecutive probes were observed for a loss and when 50 consecutive probes were observed for a gain. To focus on the large chromosomal aberrations, a 2 Mb size cutoff is used for the CNV calls in this study.
Pathway analysis
Significantly altered pathways in GS were analyzed with a 201 gene list from the WES data of six normal/GS paired samples (discovery set) using the Kyoto Encyclopedia of Genes and Genomes analysis tool in the DAVID bioinformatics resource (http://david.ncifcrf.gov; Po0.1). 18 Cell culture U373-MG GBM cells were obtained from the Korean Cell Line Bank and were maintained in Dulbecco's modified Eagle medium (Life Technologies, Gaithersburg, MD, USA) containing 10% fetal bovine serum (Life Technologies). The characteristics of the cells were tested and authenticated by the Korean Cell Line Bank, and cells in early passages were used for the experiment to minimize genetic changes. For the primary cell culture from the GS and GBM tissues, the samples were cut into pieces of~1 mm on each edge and were incubated with trypsin-EDTA (33.3%; Life Technologies) and DNase I (20 U ml − 1 )-containing phosphate-buffered saline for 1.5 h at 37°C. After an additional incubation with DNase I (20 U ml − 1 )-containing Dulbecco's modified Eagle medium (10% fetal bovine serum included) for 15 min, the samples were triturated sequentially 20, 15 and 10 times through fire-polished glass pipettes with decreasing core diameters. After trituration, the samples were filtered through a 40-μm mesh, and the cells were eventually plated in T-75 culture flasks with Dulbecco's modified Eagle medium containing 10% fetal bovine serum. Penicillin (100 U ml − 1 ; Life Technologies) and streptomycin sulfate (100 μg ml − 1 ; Life Technologies) were supplemented to all cell culture media. All cells were maintained in a humidified incubator with 5% CO 2 at 37°C.
Quantitative real-time PCR
Total RNA was purified using an RNeasy Plus Mini kit according to the manufacturer's instructions (Qiagen). One microgram of total RNA was transcribed into complementary DNA using a Maxime RT PreMix (Intron Biotechnology, Seoul, Korea) for 1 h at 45°C. Quantitative real-time PCR was performed using SYBR Green PCR Master Mix (Applied Biosystems, Foster City, CA, USA). Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as an internal control for normalization. The sequences of the primers are summarized in Supplementary Table S1 .
Gene set enrichment analysis
To identify the gene sets enriched in GS compared to GBM, we searched Gene Expression Omnibus (www.ncbi.nlm.nih.gov/geo/) for the gene expression profiling and selected the data set of GSE8692, contributed by Kenneth Kosik. 19 From this data set, we chose a total of two GS samples and six GBM samples for further analysis. Each Affymetrix data set was background-adjusted and normalized by the Robust Multichip Averaging algorithm in the Affy package using R ver. 3.1.1. 20 Gene set enrichment analysis (GSEA) was performed using the javaGSEA desktop application (GSEA v2.1.0). 21, 22 For this analysis, the chemical and genetic perturbations (version 5.2) gene sets were used, and the gene sets with o50 genes and 4100 genes were excluded. As the number of samples in this study was small, the P-values were calculated by permuting the data 1000 times for finding enriched gene sets. The GSEA software produces an enrichment score, a normalized enrichment score, nominal P-value and a false discovery rate (Q-value). The gene sets that were up-or downregulated with a Q-valueo0.05 were considered significant. For the complementary DNA microarray data from the primary cell culture, the GSEA was performed with the same parameters except for using the pre-ranked options derived from the rank of fold changes of the GS samples compared to the GBM samples.
Complementary DNA microarray
Total RNA was extracted from the primary cells (o10 passages) using a TRIzol reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's protocol. The transcriptomic profiles of these glioma cells were characterized by an oligonucleotide microarray analysis using MA-human Agilent 44K (Agilent Technologies). The onechannel microarray data were analyzed by a global median normalization method using GeneSpring GX 7.3 (EBIOGEN, Seoul, Korea).
Site-directed mutagenesis and transfection of DNA
A QuickChange site-directed mutagenesis kit (Stratagene, La Jolla, CA, USA) was used to generate point mutations in TP53, and the resulting mutations were verified by Sanger sequencing. The primers used in constructing the point mutations are listed in Supplementary  Table S1 . Transfection experiments were performed using Lipofectamine 2000 Transfection reagent according to the manufacturer's protocol (Invitrogen). After 48 h, the cells were collected for real-time PCR and migration/invasion assays. The overexpression of the wild-type and mutants TP53 was validated by western blot analysis.
Western blot analysis
Cells were lysed in radioimmunoprecipitation assay (RIPA) buffer (Thermo Scientific, Hudson, NH, USA) containing a protease inhibitor cocktail (Roche, Indianapolis, IN, USA) and a phosphatase inhibitor cocktail (Roche) and were centrifuged at 20 000 g for 10 min at 4°C. After determining of the protein concentration in the cell extract by the bicinchoninic acid (BCA) method (Thermo Scientific), 20 μg of protein was resolved by SDS-polyacrylamide gel electrophoresis and was transferred to a polyvinyl difluoride membrane. Membranes were blocked for 1 h with 5% skim milk in Trisbuffered saline and were incubated with anti-Flag (Sigma-Aldrich Corporation, St Louis, MO, USA) and anti-actin (Sigma-Aldrich Corporation) antibodies. The membranes were washed and were incubated with a horseradish peroxidase-conjugated secondary antibody, followed by enhanced chemiluminescence development according to the manufacturer's instructions (Pierce, Rockford, IL, USA).
In vitro migration and invasion assay
Transfilter migration and invasion assays were performed using 8.0-μm pore inserts in a 24-well Transwell (BD Biosciences, San Jose, CA, USA). Cells were transfected with wild-type and mutant TP53-expressing vectors using Lipofectamine 2000 Transfection reagent. After 24 h of incubation, the cells were isolated and added to the upper chamber of a transwell (5 × 10 3 cells per well) with a non-coated filter and were incubated for 24 h in the migration assay. The invasion assays were performed using 12.5% Matrigel (Corning, New York, NY, USA)-coated filters at 5 × 10 3 cells per well, and the cells were incubated for 48 h. The migrated or invaded cells were stained with a Diff-Quik staining kit (Sysmex Corporation, Kobe, Japan). Each experiment was performed in triplicate.
Statistical analysis
Statistical calculations were performed using SPSS, version 22.0 (IBM Corporation, Somers, NY, USA) or Prism 4.0 (GraphPad, San Diego, CA, USA). Kaplan-Meier curves were constructed to evaluate overall survival. For univariate survival analysis, log-rank tests were used to explore the differences in survival according to the TP53 mutation status. Multivariate Cox analyses were performed to evaluate the predictive factors of overall survival. The variables tested included sex (categorical), age (continuous), tumor size (continuous), tumor location (categorical), treatment (categorical) and TP53 mutation status (categorical). The differences between multiple variables were assessed by a one-way analysis of variance with a Tukey's multiple comparison test. The difference was considered significant if the P-value was o0.05.
RESULTS
Genome-wide analyses of mutations and CNAs in GS
We explored genomic alterations in GS through WES of six paired tumor and normal samples (the discovery set). In addition, we analyzed additional 22 formalin-fixed and paraffin-embedded GS samples from a multicenter study (the validation set). Detailed clinical information and the magnetic resonance imaging images for these patients are provided in Table 1, Supplementary Table S2 and Supplementary Figure S1 . On average, 99.9% of the reads mapped for all samples, with an average read coverage of 124.64 × and 117.95 × for the six matched normal samples and the six GS samples, respectively. Similarly, the average read coverage for the 22 formalin-fixed paraffin-embedded samples was 126.76 × .
In the discovery set, exome sequencing identified a total of 295 somatic mutations (199 missense mutations, 9 nonsense mutations, 77 synonymous mutations, 5 splice sites mutations and 5 unclassified mutations). The 213 non-silent mutations were matched to 201 genes (Supplementary Table S3 ). Somatic mutations in TP53 were the most frequent alterations (5/6), and mutations of PTEN, SETD2, PLCL1, BCAM and PCDH19 were also recurrently detected (Figure 1a ; Supplementary Table S3 ).
In the 22 patient validation set, 5904 somatic or germline mutations (5619 nonsynonymous mutations, 185 nonsense mutations, 5 stoploss mutations and 95 splice sites mutations; Supplementary Table S4) were identified. To preclude the possible germline mutations, we further focused on the 201 genes detected to have non-silent mutations in the discovery set. The TP53 mutation was also found as the predominant mutation type in the validation set (15/22, 68.2%), and all TP53 mutations, except for one, were already reported in the COSMIC database (Supplementary  Table S5 ). Therefore, alterations in TP53 were detected in 71% of all GS cases (20/28; Figure 1a ; Supplementary  Table S6 ), which were significantly higher than in cases of Korean GBM patients (29/90, 32%, Supplementary Table S7 ). The mutation abundance was not significantly different between the TP53 wild-type and the TP53-mutated groups (P = 0.3884). In addition, we identified 43 recurrently mutated genes in three or more cases from the total 28 GS samples. PTEN mutations were the second most frequent alteration observed (8/28, 28.6%; Figure 1a ; Supplementary Table S6) .
Clinically, TP53-mutated GS appeared to have a poorer prognosis than non-mutated TP53 GS in both a univariate analysis (log-rank test, P = 0.019; Figure 1b ) and the multivariate analyses (multivariate Cox analysis, hazard ratio = 23.9, 95% confidence interval, 2.87-199.63, P = 0.003; Table 2 ), which suggest that TP53-mutated GS is a unique subgroup of GS. Other clinical parameters, such as location, size, gender and GS type (primary or secondary), showed no association between the TP53 wild-type and the TP53-mutated subgroups (Supplementary Table S8 ). By contrast, no significant survival difference was observed between the TP53 wild-type and the TP53-mutated subgroups in the Korean GBM patient data (n = 90, log-rank test, P = 0.368; Figure 1b , detailed clinical information is in Supplementary Table S7 ). Patients with mutations in PTEN from our GS group showed little difference in overall survival compared to those without mutations (log-rank test, P = 0.819, Supplementary Figure S2) .
A gain of chromosome (chr) 7 and a loss of chr 10 are wellknown events that occur during the evolution of cells into GBM. 23 For the somatic CNA analysis, we applied the genomewide CNV microarray platform for the five paired tumor and normal samples (Supplementary Figure S3 ; Supplementary  Table S9 ). Chr 7 was amplified in all the GS samples, and chr 10p was deleted in two out of the five cases analyzed from the discovery set (Figure 1c ). These alterations were consistent with the copy-number analysis results using the WES data (Supplementary Figure S4) . The copy-number analysis using WES also showed well-known CNAs, such as amplification events of EGFR, CDK6 and MET, as well as heterozygous deletions of PTEN, RB1 and NF1 in the GS samples from the discovery set (Supplementary Table S10 ). These findings imply that GS has some shared alterations with GBM in terms of CNA.
A biallelic loss of TP53 probably has profound effects on cancer cell development. Out of the five patients (patient #1-5) whose WES and CNV microarray data were available, we found one patient (patient #2) showing biallelic alterations of TP53 with both mutation (D149G) from WES data and copynumber loss from the CNV microarray data (Supplementary Figure S5 ; Supplementary Table S11). 
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Significantly altered pathways in GS
We performed pathway analysis on the 201 altered genes identified in the discovery set using the Kyoto Encyclopedia of Genes and Genomes analysis tool 24 in the DAVID bioinformatics resource (http://david.ncifcrf.gov). 25 Several important pathways, such as MAPK signaling, phosphatidylinositol/ calcium signaling and focal adhesion/tight junction pathways, were significantly altered in the GS cases ( Figure 2a and 2b,; Supplementary Tables S12 and S13). Mutations in genes of the MAPK signaling pathway were detected in 79% (22/28) of the GS cases, which included EGFR, FGFR1, RASGRF2 and TP53. We also found mutations in genes of the phosphatidylinositol/ calcium signaling pathway, which included CACNA1F/1I, PLCB3/L1 and ITPR1/3, in 64% (18/28) of the GS cases. Finally, we found mutations in the genes of the focal adhesion/ tight junction pathway, which included COL5A1, ITGB7, PAK3 and PTEN, in 57% (16/28) of the GS cases ( Figure 2a and 2b,; Supplementary Table S13) .
Analysis of genomic alteration profiles in the matched initial and recurrent GS samples Among our GS patient cohort, we found three patients with matched initial and recurrent tumors after treatment (surgery and concurrent chemoradiotherapy with temozolomide), and then we compared the mutational profiles between the initial and recurrent samples. Patient #5 was first diagnosed as having GS through a pathological examination; after treatment, the tumor recurred as a same-site GBM at the second operation and a same-site GS at the third operation (Figure 3a and 3b,). We detected 56 and 21 recurrence-specific mutations in first recurrent sample (GBM) and second recurrent sample (recurrent GS), respectively (Figure 3b ; Supplementary Table  S14) . Interestingly, the WES analysis detected a TP53 mutation only in the recurrent GS sample (Figure 3b ; Supplementary  Table S14) . A comparison of the CNAs between the initial GS and the recurrent GBM in patient #5 showed increased CNAs in the recurrent sample, especially in chromosomes 4, 5 and 21 (Supplementary Figure S6) , suggesting that CNAs are also associated with treatment resistance. Patient #6 was first diagnosed as having GBM; however, after treatment, the tumor recurred as a same-site GS (Figure 3b) . We found only one recurrence-specific mutation (ZFN469) in patient #6, and the TP53 mutation was detected in both the initial and recurrent GS samples (Figure 3b ; Supplementary  Table S15 ). To preclude the possibility of false positives in the WES, we performed Sanger sequencing for mutations found in one of the matched samples, and four initial tumor-specific mutations (HEPACAM2, CCDC83, PTPRT and FTSJ1) and one recurrence-specific mutation (ZNF469) were validated (Supplementary Table S15 ).
An additional recurrent sample from patient #22 was determined as GS in the pathological investigation of both the initial and same-site recurrent lesions. Of the 201 genes found in the discovery set, the WES analysis detected three mutations (ITPR3, GIMAP8 and TP53) only in the recurrent sample, likely allowing these clones to overcome therapy (Figure 3b ; Supplementary Table S16) . Interestingly, TP53 mutations were found in all three recurrent GS samples, and the WES analysis detected TP53 mutations in the recurrent GS samples from patient #5 and #22 (Figure 3b) . Moreover, the amino-acid changes of these two patients were in the same residue (D281G; Figure 3b ). Therefore, TP53 mutations are likely associated with the outgrowth of aggressive GS subclones that are resistant to previous treatments, such as concurrent chemoradiotherapy with temozolomide. To investigate whether the TP53 mutations in the recurrent tumors existed as a clone in the initial tumors, we adopted droplet digital PCR, which is a highly sensitive method to detect mutations to a 0.1% frequency within a sample. 26 We detected a D281G TP53 mutant allele at a frequency of 0.24% and 0.12%, in the initial GS and the same-site recurrent GBM samples of patient #5, respectively (Supplementary Figure S7a) . Similarly, we found a D281G TP53 mutation at a frequency of 1.7% in the initial GS of patient #22 (Supplementary Figure S7b) . After treatment of the initial GS of patient #22, we detected the TP53 mutations at a frequency of 82.2% in the recurrent sample (Supplementary Figure S7b) . These results suggest that TP53 mutations exist as a minor clone at a low allele frequency in the initial tumors, and that TP53 mutations may play a role in treatment resistance.
Association of TP53 mutations with the EMT process Given that EMT is the conversion of cells with epithelial characteristics into cells with mesenchymal properties, 27 we investigated the role of the EMT process in GS development. Concordantly, the EMT signature gene expressions, including N-cadherin, vimentin and α-smooth muscle actin, 28 were elevated in the GS tissues of patients #5 and #6 compared to the GBM tissues (Figure 4a ). In addition, the GSEA using the microarray data from the Gene Expression Omnibus database (GSE8692) showed that the two cancer EMT-associated gene sets (ANASTASSIOU_CANCER_MESENCHYMAL_ TRANSITION_SIGNATURE 29 and JECHLINGER_EPITHE-LIAL_TO_MESENCHYMAL_TRANSITION_UP 30 ) were significantly enriched in GS compared to GBM (Supplementary Figure S8 ; Supplementary Table S17 ). In addition, the GSEA analysis showed that inflammation-related signatures, including HECKER_IFNB1_TARGETS, SANA_RESPONSE_TO_IFNG_ UP, SANA_TNF_SIGNALING_UP, MORI_MATURE_B_ LYMPHOCYTE_UP, LU_IL4_SIGNALING and COATES_ MACROPHAGE_M1_VS_ M2_UP, were enriched in the GS samples compared to the GBM samples. An enrichment of the cancer EMT-associated gene sets in the GS samples was also reproduced in the GSEA analysis using a complementary DNA microarray data from the primary culture cells of the GS and GBM tissue from patient #6 (Supplementary Table S18 ), suggesting that EMT processes are involved in the mesenchymal differentiation in GS. We found 18 mutated residues of the TP53 gene in 20 GS patients, and four mutations (R158H, R248W, D281G and R342X) were recurrently detected in two or more cases of GS (Figure 4b ; Supplementary Table S5 ). All TP53 mutations, except one stopgain mutation (R342X), were detected in the DNA-binding domain of TP53 (Figure 4b) . To investigate the role of TP53 mutations in the EMT signature of GS, we examined the effects of the TP53 mutants on EMT-associated gene expression. The overexpression of wild-type TP53 in the mutant TP53-expressing cells (U373-MG) attenuated the expression of N-cadherin and vimentin (Figure 4c ). Among the randomly selected six TP53 mutants (five mutants from DNA-binding domain and the one mutant from tetramerization domain), five mutants (R158H, R175H, P190S, D281G and R342X) showed a decreased inhibitory effect on the mRNA expression of either or both N-cadherin and vimentin compared to wild-type TP53 (Figure 4c ). In addition, these mutants have functional defects in inhibiting cell viability compared to the wild-type TP53 in clonogenic assays (Supplementary Figure S9) .
EMT increases the migration and invasion of cancer cells, resulting in increased metastasis. 31 The overexpression of wild-type TP53 decreased in vitro migration and invasion of the mutant TP53-expressing cells (U373-MG; Figure 4d) . Out of the randomly selected six TP53 mutants, the R158H and P190S mutants had reduced inhibitory effects on cell migration and invasion compared to the wild-type TP53 (Figure 4d) , which are characteristics of EMT. Therefore, the high prevalence of TP53 mutations in GS is associated with EMT features.
DISCUSSION
In this study, we found dominant mutations of the TP53 gene (20/28, 71%) in GS, and somatic mutations of the TP53 gene are associated with a poor patient survival, suggesting that the GS patients can be divided into two main molecular subgroups according to their TP53 mutation status. By comparing the paired initial/recurrent samples from the same patient, we found two cases in which the TP53 mutations were detected only in the WES analysis of the recurrent samples, which are likely associated with treatment resistance. In addition, we showed that the TP53 mutations rendered the cells more vulnerable to mesenchymal differentiation via cancer EMT-like processes (Supplementary Figure S10) .
GS is considered a rare variant of GBM, 1 and extensive studies of the genomic alterations in GBM have been performed. 32, 33 Mutations in IDH1 were found to be a molecular marker that distinguished primary and secondary GBM. 34 The most frequent genetic alteration of GBM (~60%) is a deletion at 10q, 35, 36 and TP53 mutations are common in secondary GBM (~25%) but are rare (o15%) in primary GBM. 37 Using the expression profiles of GBM, proneural, neural, classical, mesenchymal and proliferative patterns were reported. 33, 38 Most IDH1-mutated GBM (92%) show a proneural expression signature, and high frequencies of TP53 (54%) and NF1 (37%) mutations are characteristic of the proneural and mesenchymal subtypes, respectively. 33 We found one patient with an IDH1 mutation and another patient with an NF1 mutation out of the 28 GS patients (Supplementary Table S6 ) and detected a hemizygous deletion of NF1 in three of the GS samples within the discovery set (Supplementary Table S10 ). Therefore, GS showed distinctive genomic alteration profiles in the known cancer-driver genes compared to the subtypes of GBM.
EMT is a process by which epithelial cells undergo changes into mesenchymal cells, which are usually associated with cancer aggressiveness. 27, 39 EMT is often induced by epigenetic reprogramming mediated by EMT-inducing transcription factors, such as Twist, Snail, Slug and Zeb1. 39 A previous study reported significant nuclear localization of Twist and Slug in the mesenchymal tumor area of GS samples, suggesting that GS is associated with EMT. 40 Notably, the MAPK signaling, phosphatidylinositol/calcium signaling and focal adhesion/tight junction pathways, which are significantly altered in GS cases (Figure 2a) , are known to cooperate in the initiation and progression of EMT. 41, 42 In addition, losses or mutations in the TP53 gene were previously shown to correlate with the activation of EMT reprogramming as well as increased stem cell properties by modulating microRNAs. 43 Therefore, TP53 mutations induce the epigenetic reprograming of EMT genes, which could be the molecular mechanism of the mesenchymal differentiation, increased aggressiveness and poor prognosis of GS.
In addition to the roles of TP53 mutations in the development of GS via mesenchymal differentiation, our data suggested that TP53 mutations were also associated with the treatment resistance of GS. We found two patients (#5 and #22) in whom TP53 mutations were only found in the recurrent GS samples by the WES analysis. However, the more sensitive droplet digital PCR method detected TP53 mutations in the preceding lesions, although the allele frequencies were very low. In these patients, most of the cells in preceding GS regions did not have TP53 mutations, suggesting that the development of the initial GS was not highly associated with TP53 mutations. However, minor clones with TP53 mutations survived after treatment and became one of major populations in the recurrent GS sample, suggesting that TP53 mutations were associated with treatment resistance.
In summary, our study provides the first understanding of the genomic alterations specific to GS and elucidates the relationship among predominant mutations of TP53, EMT process and poor prognosis in GS. These results shed light on the understanding of the pathogenesis and clinical characteristics of GS for future therapeutic applications.
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